Abstract-Efficient silicon (Si)-compatible emitters can realize inexpensive light sources for a variety of applications. In this paper, we study both photonic crystal (PC) and plasmonic nanocavities that enhance the emission of Si-compatible materials. In particular, we examine the coupling of silicon nanocrystals (Si-NCs) to silicon nitride PC cavities and Si-NCs in silicon dioxide to plasmonic gratings, both for enhancement of emission in the visible wavelengths. In addition, we also observe the enhancement of the 1530 nm emission from erbium-doped silicon nitride films coupled to Si PC cavities. Finally, we analyze the loss mechanisms associated with the hybrid silicon nitride/silicon system, and propose advancements in the designs of PC and plasmonic cavities for the emitters described in this paper.
I. INTRODUCTION
S ILICON (Si)-based light sources compatible with mainstream CMOS technology are highly desirable because of their low manufacturing cost relative to III/V semiconductors and because they will enable monolithic integration with electronic components on the same Si platform. In this paper, we describe optical devices based on materials that can share fabrication tools with Si-CMOS processing without a risk of contamination and have promising optical properties. We studied light-emitting Si-rich Si nitride (SRN), Si nanocrystals (Si-NCs) embedded in silicon dioxide, and erbium-doped amorphous Si nitride (Er:SiN x ) systems. Both Si-NCs in SiO 2 [1] - [6] and silicon nitride [7] - [10] are well studied and show photoluminescence (PL) with wavelengths from 500 to 1000 nm. In these samples, the emission is enhanced relative to the emission from bulk Si because of electron-hole localization effects due to either quantum confinement or trapping to surface states [11] . In addition, significant work has been conducted to study electrical injection of the Si-NCs in both oxide and nitride systems [12] - [14] . We also explore a material system with Er in amorphous silicon nitride, which emits at the telecom wavelength of 1530 nm, ideally suited for on-chip Si photonics applications [15] , [16] . The limitation of Er, as a gain material for on-chip photonics applications, is its small absorption cross section, which limits its pump rate and gain parameters. However, it is possible to enhance the pumping of Er ions in amorphous silicon nitride by taking advantage of an efficient, nanosecondfast energy transfer from the matrix, which has four orders of magnitude larger absorption cross section than direct excitation of Er ions [15] - [17] . Since SRN layers can be electrically injected more efficiently than oxide-based dielectric matrices [14] , it should also be possible to electrically excite Er ions in this configuration, paving a path to electrically pumped sources at the telecom wavelength.
In this paper, we focus on using photonic crystal (PC) cavities and plasmonic gratings to enhance luminescence from such CMOS-compatible materials. Nanocavities modify the local optical density of states (DOS) to enhance the emission in a fundamentally different way than what is accessible through materials engineering. Specifically, photon emission rate can be enhanced at a particular wavelength because the optical DOS is higher at the cavity resonance, which, in turn, improves efficiency and allows faster modulation rates [18] . The emission rate enhancement in a resonator, as predicted by Purcell [19] , is given by
where Q = ω/∆ω is the quality factor of the cavity mode, V mode is the mode volume of the cavity, and ψ(θ, λ) includes the average alignment of a dipole emitter with the cavity field (taken in the case of our cavities to be approximately 1/3) and the decrease of enhancement for spectrally detuned emitters that follows a normalized Lorentzian with the cavity lineshape. By increasing the quality factor and reducing the cavity-mode volume, the Q/V figure of merit can be substantially increased in both PC cavities and plasmonic gratings. While previous works have extensively studied Si-NCs coupled to microdisk cavities, such cavities have very large mode volumes when achieving high Qs [20] . PC cavities have significantly smaller mode volumes when maintaining high Qs, and thus can, in principle, achieve higher Purcell enhancements. Similarly, while plasmonic modes suffer from degradation of Qs due to ohmic metallic losses, this can be compensated for with mode volumes that break the diffraction limit. Previous papers have demonstrated enhancements of Si-NC emission with patterned metallic particle arrays [21] . However, Ref. [21] did not analyze the wavelength selectivity of the plasmonic modes. To further explore the emission of Si-NCs and SiN x -sensitized Er, we have attempted to couple the emitters to nanocavities, as described in the following sections. Section II describes enhancement of PL from Si-NCs using PC cavities, while Section III describes the analogous effect from plasmonic gratings. Finally, Section IV covers Er PL enhancement in PC cavities.
II. PC CAVITY LIGHT SOURCE IN THE VISIBLE
As described previously, Si-NCs emit at the visible wavelengths and can possibly be employed in inexpensive light sources. For this section, we focus on implementing PC cavity designs to enhance the emission of Si-NCs in Si-rich nitride. Since Si itself has high absorption in the 600-900 nm range, alternative materials that are transparent in the visible wavelengths, such as SRN, must be used to enhance Si-NC light emission. Due to the low index of refraction of the SRN layer (n = 2.1), it is more challenging to achieve high Qs in silicon nitride than in Si. We designed and fabricated cavities for this material with modest Q-factors [22] , and since then others have achieved Qs as high as 3400 [23] . It is important to point out that for PC design, using SRN is more advantageous than the Si-NCs in SiO 2 matrix because it has a higher refractive index.
Finite-difference time-domain (FDTD) simulations [24] were used to optimize a single-hole defect design [see Fig. 1(a) ], as in [25] , for a 240-nm-thick SRN membrane with refractive index n = 2.11. The computations were performed for the single defect cavity with seven layers of PC mirror holes around it. Discretization of 20 units per period a was used. The nearest neighbor holes on the horizontal axis of the cavity were smeared inward by H shift = 0-0.20a, while the nearest neighbor holes in the diagonal directions were shifted out by D shift = 0-0.10a, and their radius varied from r/a D = 0.25-0.30. The radius of PC lattice holes was varied from r/a = 0.35-0.40, and the slab thickness was fixed at d/a = 0.75. In this optimization space, the highest Q was found for H shift = 0.30a, D shift = 0.05a, r/a D = 0.275, and r/a = 0.375. The optimized structure has a resonance frequency of a/λ = 0.45, in-plane Q = 2400, outof-plane Q = 2200, and mode volume V mode = 0.784(λ/n) 3 . Fig. 2 . PL from the cavity, as shown in Fig. 1 , in the x-and y-polarizations, and from an unpatterned region of the sample.
The maximum Purcell enhancement for this cavity is 1100 for an emitter spectrally and spatially aligned to the cavity. The structures were fabricated, starting from bare silicon wafers. First, a 500-nm-thick oxide layer was formed by wet oxidation, and then, a 250-nm-thick layer of SRN was deposited by chemical vapor deposition (CVD) with NH 3 and SiH 2 Cl 2 gases at 850
• C. Next, a positive electron beam resist, ZEP-520A, was spun on a wafer piece to form a 380-nm-thick mask layer, and the PC cavity pattern was exposed on the Raith 150 electron beam system. After development, the pattern formed in the resist layer was transferred into the silicon nitride layer by reactive ion etching with NF 3 plasma using ZEP pattern as a mask.Any remaining resist was removed by oxygen plasma. The oxide layer was removed under PC structures by a 6:1 buffered oxide etch [22] . A typical fabricated structure with periodicity a = 334 nm is shown in Fig. 1(b) . The measured quality factor for the fabricated cavity was 396, as obtained from a Lorentzian fit to the cavity spectrum in Fig. 2 . The measured cavity Q is substantially lower than predicted by FDTD due to imperfect PC hole circularity [see Fig. 1(b) ] and nonvertical etching profile, as observed in a cross section of a trench etched under the same experimental conditions [see Fig. 1(c) ]. Barth et al. [26] show that nonvertical etch profile is especially detrimental to cavity Q factors.
A micro-PL (µ-PL) setup was used to measure PL spectra from the fabricated structure. A single 100× objective lens with numerical aperture NA = 0.5 was used to image the sample, focus the pump beam, and collect luminescence perpendicular to the PC membrane. The signal sent to the spectrometer was spatially filtered by an iris that limits the collection area to the PC cavity. As confirmed by FDTD simulations, the cavity resonance is clearly seen in the x-polarization, while the PL from the unpatterned film and the orthogonal y-polarization do not show any resonances (see Fig 2) . The cavity resonance enhances PL intensity by 11-fold relative to smooth film and threefold relative to the orthogonal polarization. This enhancement is roughly two times stronger than what was demonstrated previously in unoptimized L3 PC cavities in the same SRN film [22] . The enhancement may be attributed to improved PL collection efficiency for the cavity mode and increased radiative rate due to Purcell effect. To quantify the Purcell enhancement, we perform timeresolved PL measurements using frequency-doubled picosecond pulses from mode-locked Ti:Sapphire laser for excitation at 400 nm and a streak camera for signal detection. These measurements give the total PL intensity decay rate, which is a combination of the radiative and nonradiative decays
where τ , τ nr , and τ rad are the total, nonradiative, and radiative lifetimes, respectively. The time-resolved spectral data, shown in Fig. 3 , were measured at the temperature of 10 K to reduce the nonradiative recombination rate. The emission collected from the x-polarized cavity resonance and at the orthogonal polarization over the spectral region, as shown in Fig. 3 (b), has the time series shown in Fig. 3 (c).
The PL decay time at room temperature was 26.5 ps, and at 10 K, it increased to 88.5 ps. This is 19 times faster then the reported lifetime of about 0.5 ns for similar nitride films with 7% efficiency [7] . We can estimate the radiative lifetime of such SRN film to be τ rad = τ measured /η = 7 ns, where η is the radiative emission efficiency. Assuming the same radiative lifetime, our films have efficiency of 0.37% at room temperature and 1.2% at 10 K. Therefore, the PL decay measurement is completely dominated by the nonradiative decay, and we cannot observe the enhancement of the radiative lifetime. However, the increase in radiative rate should manifest itself with efficiency increase. We observe a threefold PL signal enhancement at the cavity resonance over the uncoupled emission. It is still possible that some of this enhancement may be due to the Purcell effect, while some enhancement may be due to more efficient collection of the cavity emission relative to the emission from uncoupled nanocrystals. Experimentally, it is difficult to discriminate these two effects in samples that have high nonradiative recombination rate.
From the lifetime measurements, it is clear that the radiative efficiency of the nitride film must be improved to make a more viable light source and to be able to observe the Purcell effect directly. Perhaps, a better approach would be to use Si-NCs with SiO 2 shell, which have microsecond radiative lifetimes, demonstrated material gain, and are quite well understood [2] - [6] . These Si-NCs could be fabricated by anodic etching of Si, deposited onto silicon nitride slab from solution, and capped with another silicon nitride layer deposited by plasmaenhanced CVD (PECVD) at low temperature, as was done for capacitive memory applications [27] . This is attractive because high-quality Si-NCs can be incorporated into the center of the PC cavity, where the cavity field is maximum, and nanocrystals can be filtered by size before deposition to decrease inhomogeneous broadening of PL.
III. PLASMONIC GRATINGS FOR INTERACTION WITH SI-NCS
In addition to PC cavities, plasmonic devices also have the potential to realize inexpensive, efficient light sources. Much like the PC counterparts, the plasmonic devices also enhance the luminescence of emitters by increasing the extraction efficiency and the Purcell enhancement. Surface plasmon polariton (SPP) modes, bound to a flat metal-dielectric interface, are characterized by the following dispersion relation [28] :
where d = n 2 is the dielectric constant of the dielectric layer, and the dielectric constant of the metal is given by the Drude model m (ω) = 1 − (ω p /ω) 2 . Gold was used as the metal for this paper, and has plasma frequency ω p = 2πc/(160 × 10 −9 m). At the high symmetry points of the dispersion relation, we have k sp = pπ/a, where p is an integer number indicating the order of the plasmonic mode and a is the grating periodicity of the pth-order plasmonic mode. The large propagation vector k sp also leads to the field profile exponentially decaying in both the metal and dielectric materials, and thus giving the SPP modes potentially low mode volumes that break the diffraction limit. In recent years, InGaN-based quantum wells (QWs) and CdSe colloidal quantum dots have been coupled to the high density of optical states at the surface plasmon frequency [29] - [31] . In order to extract emission efficiently and diversify the SPP enhancement over a range of wavelengths, various groups have investigated grating-type structures combined with QWs or organic materials [32] - [35] . In addition, since metals are already a part of the device design, it is practical to configure plasmonic devices to be electrically injected [13] . In this paper, we expand on our work done previously with Si-NCs in oxide coupled to metallic gratings [36] .
While the previous structures with metallic gratings on only one side of the emitters can have high light in-and out-coupling, the decaying tail of the SPP mode still limits the average electric field obtained in the active material. In order to increase this figure of merit, we propose to use an MIM configuration with a metal substrate and a patterned metal grating on top of the Si-NC layer, as in a previous work with InGaAs QWs [32] . Since the Si-NCs are robust and can form even in a poor quality of oxide, such a structure allows bottom-up fabrication by first depositing the gold substrate, then depositing a Si-rich oxide (SRO) layer, and finally patterning the metallic grating on top. Hence, Si-NCs are ideally suited for incorporation inside of the MIM structures, as the fabrication does not require complicated lift-off procedures, as in the procedures required to incorporate QWs [32] .
A 40-nm-thick layer of SRO, with effective index of refraction, n eff = 1.7, is grown on 100 nm of gold on top of a thick SiO 2 layer by plasma enhanced CVD (PECVD) with a 14:1 mixture of SiH 4 (diluted to 2% with N 2 ) and N 2 O at 350
• C. The 100 nm gold layer is sufficiently thick to act as an optical blocking layer. At high annealing temperatures, the gold substrate degrades, leading to breaks in the substrate [see Fig. 4(b) , inset]. This particular sample was not annealed at high temperature, and thus maintained high film quality [see Fig. 4(b) ]. The PL of the Si-NCs on the gold substrate is shown in Fig. 4(a) , and is sufficient to probe the MIM SPP mode from λ 0 =700-1000 nm. Then, a 100-nm layer of polymethylmethacrylate (PMMA) is spun on top of the wafer followed by e-beam lithography to define the grating pattern. Finally, a 30-nm layer of gold (Au) is evaporated on top of the PMMA layer and the grating is fabricated by liftoff in acetone. We pump Si-NCs with a green laser at 532 nm and collect the emission from the top side of the sample with an objective lens with large numerical aperture NA = 0.5, thereby maximizing the collection.
We first analyze the exact structure in 2-D FDTD simulations, as in previous references [32] , [37] . Setting the duty cycle (the ratio of the gold bars width to the grating period) to be 0.8, we calculate the band edge frequencies of the modes at the Γ (k = 0) and X (k = π/a) points of the band diagram for grating periods from 200 to 800 nm. We plot the free-space mode wavelengths (λ 0 ) for the first three SP modes in Fig. 5(a) , with the firstorder mode fitting one half SPP wavelength per grating period (corresponding to k = π/a, i.e., the X point of the band diagram), the second-order mode fitting a full SPP wavelength per grating period (k = 2π/a, which folds to the Γ point), etc. We also calculate the field profiles for the first three-order modes, fixing the free-space wavelength λ 0 ≈ 800 nm, and plotting the results in Fig. 5(b)-(d) . We first note the redshift of the mode wavelength as the period of the grating is increased. Furthermore, the mode profiles of all the examined modes correspond to an even symmetry through the center of the Si-NC layer. We also observe that the mode wavelengths of the MIM devices are redshifted from the values calculated for the single-sided grating designs of the same grating period. Such a shift can be explained as the coupling between the SPP modes on the two metal-dielectric interfaces, leading to a "bonding" symmetric plasmonic mode with higher effective index than the effective index of the individual SPP modes.
Next, we calculate the Purcell enhancement. We make the intuitive approximation that the standing wave modes in Fig. 5(b) -(d) are modes of cavities spaced with the period of the SPP half wavelength, as these modes have the same λ 0 . We then calculate radiative quality factor (Q rad ) and the mode volume, which is defined as
where the integral is taken over the half wavelength of the SPP wave, E (x, z) = d(ω (x, z))/dω is the effective dielectric constant, Y is the length of the grating bars, and A is the effective mode area. Using the earlier figures, and noting that the quality factor is limited to the absorption factor Q abs ≈ 50 (since Q rad ≈ 500 Q abs ), we can calculate the average Purcell enhancement by using (1), where the E-field intensity is again averaged over the region occupied by the Si-NCs. In this case, the Purcell enhancement is defined as the increase of emission into the cavity mode in addition to the bulk emission. For these modes, we observe that the average coupling between the Si-NC emitters and the MIM SPP mode is increased by a factor of 1.6 relative to the structure with only the grating on top. In addition, the confinement factor Γ, or the fraction of the mode overlapping with the active material, is improved from 0.2 for the one-sided design to 0.5 for the MIM design for all three modes. Finally, due to confinement of the SPP mode from both the top and the bottom, the mode area of the MIM structures is reduced by one-half from the mode area of the one-sided designs. With Y = 10 µm as in the fabricated devices, we estimate the average Purcell enhancement of emitters in the Si-NC film to be 2.2, 2.4, and 2.4 for the first-, second-, and third-order modes, respectively. This is a threefold improvement from the enhancements using a one-sided grating design, which have Purcell enhancements of 0.7, 0.7, and 0.7, for the same grating design and active material thickness.
The SPP grating modes in Fig. 5(b) -(d) are predominantly polarized in the direction perpendicular to the grating bars (E x ), or p1 in Fig. 4(b) . In order to separate the enhancement due to SPP modes from other effects, we isolate two polarizations (p1 and p2) in experiment by collecting with different polarizer settings, as in Fig. 4(b) . In our previous experiments with samples of SRO on top of quartz, we collected through the quartz substrate, and thus collected both p1 and p2 [36] . However, for the MIM case, we collect emission from the top side, and only p1 is outcoupled from the grating to the detector. We measure the spectrum for different grating periods, with the emission from the p1 polarization only, as shown in Fig. 6 . Using the band edge values from simulation as a guide, enhanced emission is collected from the first-and second-order modes. According to the FDTD-calculated dispersion relationship, the first-order mode lies under the light line and should not be collected. However, the enhanced emission of the first-order mode suggests that surface roughness and local plasmonic modes play roles in scattering emission into the collection optics. The difference in Fig. 7(a) , middle] by parameters space search. The cavity mode profile (|E| 2 ) is shown in the inset, along with the directions of the shifts considered. The highest Q-factor is for the design with x sh ift = 0, y sh ift = 0.1a, and side sh ift = 0.15a, with Q = 13000.
the emission peak and the simulation values can be attributed to several factors. A penetration of gold from the substrate into the Si-NC layer could cause an index change in the Si-NC spacer layer, or change the effective thickness of the spacer layer. Since the enhancement of the collected emission relative to bulk is low, designs that improve the PL emitted to the Γ-point of the dispersion relation, such as biharmonic gratings [36] , [39] , must be investigated.
IV. PC CAVITY LIGHT SOURCE AT TELECOM WAVELENGTH
For operation at the telecom wavelengths (around 1.5 µm), we are investigating materials consisting of Er ions in light-emitting Si-rich amorphous Si nitride films (Er:SiN x ). Depending on fabrication conditions, the microstructure of this novel materials platform can be engineered to yield either small (2 nm) Si light-emitting nanoclusters or amorphous, homogeneous, lightemitting films ideally suited for the optical activation of Er ions. We have recently demonstrated enhancement of Er emission in SRN PC cavities [40] . Here, we focus on a sample with Er in amorophous SiN x , which has enhanced emission and reduced nonradiative decay relative to the sample used in [40] .
The longer operation wavelength enables us to consider the use of Si as part of the PC membrane, which is attractive because of its higher refractive index. We have investigated three options for the membrane design depicted in Fig. 7(a) [40] . The first option is to have the active Er-doped material to comprise the entire membrane [see Fig.7(a), left] . This design has the largest interaction volume of the cavity mode with the active material, but it was difficult to fabricate due to the increased resistance to dry etching of Er:SiN x , as compared to an undoped SiN x film. The second option is to use a two-layer membrane composed of a bottom Si layer and a top SiN x layer [see Fig. 7(a) , middle]. While the cavity mode overlap with the active material, Γ = 0.04, is very low, it is far easier to fabricate high-Q PC cavities in this two-layer membrane due to increased refractive index. The third option is to place the active material in the center of Si membrane, which improves overlap with active region [see Fig. 7(a), right] . The third option may also be attractive for electrical injection of carriers into the active region, but the optical pump at λ = 400 nm, which is well absorbed by SiN x -sensitizing Er, is also strongly absorbed by Si. Thus, to maintain simple fabrication procedures and test the efficacy of the sensitization of Er, we focus our initial experiments on the two-layer membrane approach.
The design of the cavity is optimized with FDTD simulations, setting the period of the PC to be a = 420 nm, the total slab thickness to be 0.85a, the Er:SiN x layer thickness to be onethird of the total slab thickness, and the hole radius to be r/a = 0.3. The S1 design is chosen for the PC cavity due to the very small mode volume and good Q-factor [22] , [41] . In this case, the two holes on the left and right of the cavity defect have r/a = 0.35a, and are shifted by the parameter side shift , while the other four nearest neighbors are shifted outward with the parameters x shift and y shift . By optimizing over the parameter space shown in Fig. 7(b) , the optimal Q = 13 000 is found with x shift = 0, y shift = 0.1a, and side shift = 0.15a. Such a cavity mode has normalized frequency a/λ = 0.28 and mode volume V m = 0.38(λ/n) 3 , with index of refraction of Si as the reference index n = 3.5. The electric field magnitude (| E| 2 ) is shown in Fig. 7(b) (inset) .
The multilayered wafer is fabricated by growing Er:SiN x on top of a silicon-on-insulator (SOI) wafer by N 2 reactive magnetron cosputtering from Si and Er targets in a Denton Discovery 18 confocal-target sputtering system. The growth is followed by a post-annealing processes in a rapid thermal annealing furnace at 1170
• C for 340 s under forming gas (5% H 2 , 95% N 2 ) atmosphere. The fabrication of the PC device employs electron beam lithography with 350 nm of ZEP-520A as the resist. The written pattern is then dry etched into the SiN x and Si slab with a HBr:Cl 2 chemistry. The final membrane is formed by undercutting the 2 µm oxide layer with a 6:1 buffered oxide etch.
The optical experiments are conducted by pumping the cavity structure at normal incidence with a diode laser through a 100× objective with NA = 0.5 and collecting emission through the same objective. The PL collected from the cavity structure and smooth film are shown in Fig. 8 . The resonance Q-factors can be up to 5000, as determined from a fit to a Lorentzian (see Fig. 8, inset) . The PL is enhanced by about 30 times relative to smooth film (bulk) at the cavity resonance. Light-in light-out characteristics of the cavity are studied at different pump powers for excitation wavelengths at λ = 400 nm and λ = 980 nm (see Fig. 9 ). The power dependence of the cavity PL amplitude is shown in Fig. 9(a) for the same cavity with two different pump wavelengths, and the curves are normalized to the maximum power obtained with the λ = 400 nm pump. In the case of 400 nm excitation, the PL from the cavity saturates at 0.8 mW of pump power. In contrast, with 980 nm excitation, saturation of the cavity resonance can be extended beyond 30 mW (the maximum pump power available from our laser). The maximum output we can achieve from a cavity is about eight times larger with the 980-nm pump laser.
We also observe a blueshift of the cavity wavelength with pump power for low pump powers with the 400 nm pump. Such a shift is associated with the index shift of silicon with the injection of free carriers. While the absorption of free carriers is negligible at these pump powers, the cavity wavelength does decrease by 0.02 nm. At high pump powers for both pump wavelengths, the cavity wavelength increases with pump power, as seen in Fig. 9(b) . The redshift of wavelength is indicative of the structure heating up with increasing pump power because the refractive index increases with temperature. As expected, the cavity wavelengths start to shift at lower pump powers for the 400-nm pump laser, because Si has a much higher absorption coefficient for λ = 400 nm than for λ = 980 nm. The strong absorption of the 400 nm pump is also evident in the cavity Q dependence with pump power, as seen in Fig. 9(c) . For the case of the 400 nm pump, the Q starts to drop significantly at about the pump power that saturates the cavity output, suggesting that the cavity output is limited by free-carrier absorption in the Si part of the PC membrane. For the case with the 980 nm pump, we only observe the degradation of Q-factor for pump powers above 10 mW, as the reduced absorption of Si at 980 nm reduces the free-carrier absorption.
Despite the free-carrier absorption induced by the pump at the cavity wavelength, we observe differential gain in some structures with pump power. Fig. 10 shows two spectra with 400 nm excitation, from a different cavity than the cavity measured in Fig. 9 . One spectrum is at high pump power (0.74 mW) and one is at low pump power (5 × 10 −4 mW), with both normalized to their individual maxima. In addition to the redshift in the cavity peak wavelength due to heating, Lorentzian fits to the data show that the Q increases from 3710 at low pump power to 4740 at high pump power for this cavity. We believe that the observed linewidth narrowing is due to bleaching of Er absorption by the pump, as discussed in detail in [42] . Here, we measure an increase in Q between the two pump powers of ∆Q = 1000. However, as we note from the comparable cavity in Fig. 9 , the free-carrier absorption has begun to notably decrease Q at 400 nm excitation wavelength and 0.74 mW pump power. Thus, we would expect an even higher increase in Q in the absence of free-carrier absorption effects.
To conclude, we note that in our current PC design, we are limited by free-carrier absorption in how much light can be extracted from the cavity, especially at 400 nm excitation. Therefore, it would be best to eliminate the Si-layer of the membrane, or use 980 nm excitation to minimize losses due to free-carrier absorption, as we strive to show useful gain in this material.
V. DISCUSSION
We have demonstrated a variety of Si-compatible light sources. Due to the low index of refraction for silicon nanoparticle host materials, fabricating PC devices directly in many oxide and nitride materials is challenging. Nevertheless, Purcell enhancements are expected for both the photonic cyrstal and plasmonic devices coupled to silicon nanoparticle emitters. In fact, as seen by the increase in the lifetime of Si-NCs over the past years, the quality and internal quantum efficiency of this material is steadily improving. By taking advantage of the Purcell enhancement, it is possible to produce efficient lightemitting devices.
Similarly, with Er:SiN x , it is possible to provide a Sicompatible platform for on-chip communications. Nevertheless, several challenges remain. Due to the local crystal potentials, the homogeneous broadening of Er ions in SiN x is approximately 2-10 nm. Thus, the Purcell enhancement for Er is generally low, as the high quality factor of the PC cavity mode must be replaced by the effective quality factor of the emitter in this "bad emitter" regime [43] . This aspect of the emitter makes reaching the lasing threshold much more difficult for the devices in our studies. However, plasmonics may prove to be a solution for this material system as plasmonic resonances are generally broad due to metallic absorption losses. By creating the same plasmonic devices around Er:SiN x , it may be possible to achieve high Purcell enhancements by virtue of the SP modes' low mode volumes. Furthermore, plasmonic modes at 1550 nm have the dual benefits of having lower absorption losses than at visible wavelengths and low mode volumes despite material systems with low indexes of refraction. Finally, we would like to move toward a symmetric structure with the nitride layer in the middle of the silicon membrane, improving the overlap of the emitters with the electric field of the PC cavity mode. However, such a design would require a silicon capping layer on top of the active layer. Due to the limitations of available fabrication techniques, such as depositing a noncrystalline Si layer or wafer bonding a crystalline Si layer, the capping layer of silicon would certainly introduce increased absorption losses for the cavity.
Finally, while the MIM system with SRO has the potential to be a device with simple bottom-up fabrication procedures, the silicon oxide materials have certain fabrication restrictions and challenges. One problem with this system is that the SRO layer is much less resistive to gold diffusion than crystalline oxide. While the gold particles penetrating the SRO layer enhances the PL of the Si-NCs, the MIM enhancement is reduced due the lack of coupled SP modes. Thus, the final annealing temperature must be kept low, which also decreases the efficiency of the Si-NCs. In addition, while the predicted Purcell enhancement is high, the metallic structures above and below the emitters greatly reduce the outcoupled PL. In future, a compromise between the confinement and extraction efficiency must be optimized, or an optimized design with high extraction efficiencies must be investigated.
In conclusion, despite challenges with the Si-compatible material systems, we have demonstrated control and enhancement of emission for both visible and telecom wavelengths. The earlier results certainly provide a stepping stone toward more efficient emitters, as well as lasers that operate over a variety of wavelengths. By improving the coupling between these Sicompatible emitters and nanocavities, as well as reducing the losses of the cavities, we expect to realize useful devices in the near future in systems of nanocavities and these materials for lighting and communication applications.
